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ABSTRACT: Binary mixed-metal variants of the one-dimensional MCN compounds
(M = Cu, Ag, and Au) have been prepared and characterized using powder X-ray
diffraction, vibrational spectroscopy, and total neutron diffraction. A solid solution with
the AgCN structure exists in the (Cu,Ag;_,)CN system over the range (0 < x < 1).
Line phases with compositions (Cu, ,Au, ,,)CN, (Cu,,1,Aus,1,)CN, (Cu,/3Au, 5)CN,
and (Ag,,Au,/,)CN, all of which have the AuCN structure, are found in the gold-
containing systems. Infrared and Raman spectroscopies show that complete ordering
occurs only in (Cuy)Au;,)CN and

of the type [M—C=N-M'-N=C-]
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(Ag;,Au, ;,)CN. The sense of the cyanide bonding was determined by total neutron

diffraction to be [Ag—NC—Au—CN-], in (Ag;,Au;,;,)CN and [Cu—NC—Au—CN-], in (Cu,,,Au,/,,)CN. In contrast, in
(Cuy.50Ag050)CN, metal ordering is incomplete, and strict alternation of metals does not occur. However, there is a distinct
preference (85%) for the N end of the cyanide ligand to be bonded to copper and for Ag—CN—Cu links to predominate.
Contrary to expectation, aurophilic bonding does not appear to be the controlling factor which leads to (Cu,,Au,/,)CN and
(Ag; »Au, ;,)CN adopting the AuCN structure. The diffuse reflectance, photoluminescence, and 1-D negative thermal expansion
(NTE) behaviors of all three systems are reported and compared with those of the parent cyanide compounds. The
photophysical properties are strongly influenced both by the composition of the individual chains and by how such chains pack
together. The NTE behavior is also controlled by structure type: the gold-containing mixed-metal cyanides with the AuCN
structure show the smallest contraction along the chain length on heating.

B INTRODUCTION

The copper, silver, and gold cyanides, CuCN, AgCN, and
AuCN, all form structures containing infinite one-dimensional
(1-D) chains of the form [M—C=N-],." > The chains can be
packed together in different ways to form 3-D solids. The
simplest structure is adopted by AuCN, with linear [Au—C=
N-], chains packed on a hexagonal lattice and the gold atoms
arranged in layers (Figure 1a). In AgCN, the [Ag—C=N-],
chains are also packed on a hexagonal lattice, but neighboring
chains are displaced by +one-third of the chain repeat distance
along the c axis (Figure 1b). There is clearly a delicate balance
of factors controlling which structure is adopted. The C=N
groups in neighboring chains are closer together in the AuCN
structure than in the AgCN structure, and it might be expected
that this would lead to increased repulsive interactions between
the nonmetal atoms in AuCN compared to AgCN. It has been
suggested that AuCN adopts its particular structure type
because of favorable aurophilic interactions.® Copper cyanide
forms a high-temperature phase, HT-CuCN, which also has the
AgCN structure, suggesting that in the gold cyanide case there
are additional factors, such as aurophilic interactions, that direct
the structure to be AuCN type. A low-temperature form of
CuCN, LT-CuCN, adopts a more complicated structure in
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which the [Cu—C=N-], chains form waves (Figure 2). In all
these materials, there appears to be head-to-tail disorder of the
cyanide groups, and the C and N atoms are therefore not
distinguished in Figures 1 and 2.”*

HT-CuCN, AgCN, and AuCN have interesting thermal
behavior in that they all show 1-D negative thermal expansion
(NTE) in the chain direction.” This can be envisioned as
arising, at least in part, from dynamic wave motions of the
chains of the type revealed in the static structure of LT-CuCN
shown in Figure 2a. Other transverse motions of the atoms
within the chains would also produce a contraction in the chain
direction. We give a fuller account of possible motions in ref 9.
It is notable that the magnitude of the NTE effect decreases by
a factor of ~3.5 on going from HT-CuCN to AuCN.’

The photoluminescent behavior of the simple group 11 metal
cyanides has been recently studied using UV light excita-
tion."’”"* Time-dependent density functional theory (TD-
DFT) calculations on isolated chain fragments, (M,(CN),,;)”
(M=Cuandn=1,3,57)""?and (M= Ag Ay, and n =1, 3,
5),'* show that the excitation spectra of CuCN, AgCN, and
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Figure 1. Structures of (a) gold cyanide (AuCN) in space group P6/mmm and (b) high-temperature copper cyanide (HT-CuCN) and silver cyanide
(AgCN) in space group R3m. Key: copper, silver, and gold, black spheres; head-to-tail disordered cyanide, cyan spheres. The C=N, M—C/N, and

interchain distances are shown for all compounds at 10 K."*°
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Figure 2. Structure of low-temperature copper cyanide (LT-CuCN)
showing (a) a single wave-like [Cu—C=N-], chain and (b) the
packing of the chains into layers.®> Key as for Figure 1.

AuCN can in part be attributed to Laporte-allowed 7—rx*
transitions. We note that these calculations neglect any
interactions between the chains. These interchain interactions
are likely to be highly significant, as shown by the work of
Rawashdeh-Omary et al. concerning the spectra of the
[Ag(CN),]” and [Au(CN),]” ions, which show red shifts of
~10* cm™ in the lowest-energy absorption bands on increasing
their concentrations from ~107> to 1 M."*"* The large changes
in the absorption spectra are ascribed to association of the
[Ag(CN),]” and [Au(CN),]” ions caused by argento- and
aurophilic interactions. Other photophysical measurements of
relevance to this work have been made on the mixed silver—
gold compounds, La[AgAu,_.(CN),];-3H,0, containing [Ag-
(CN),]” and [Au(CN),]” units, in which the luminescence
properties can be tuned by varying x.">~"7

This paper describes the preparation and characterization of
phases of the form (M,M’,_,)CN (M, M’ = Cu, Ag, Au), which
contain mixed-metal—cyanide chains packed in structures
closely related to those of the parent cyanides, HT-CuCN,
AgCN, and AuCN. The phase limits for the mixed-metal
systems have been established and their thermal expansion
properties measured. All the compounds, like their parents,
show 1-D NTE, the magnitude of which can be related to the
composition and packing of the mixed-metal chains. The IR
and Raman sgectra of (Ag,,Au,,,)CN have been measured
previously,'"” but the conclusions drawn regarding the

symmetry of the chains were incorrect (vide infra), and no
structural information was reported. In the present paper, the
vibrational spectra of all the mixed-metal cyanides are analyzed
and provide information on the metal and cyanide ordering
occurring within the chains.

In certain gold-containing compounds, (Cu, ,Au,/,)CN and
(Cuy,3Au, ,3)CN, we find that there is complete ordering of the
metal atoms and cyanide groups within individual chains.
However, the lack of long-range order between chains in these
systems means that detailed structural information, including
whether C or N is preferentially bonded to gold and the M—C
and M'—N distances, cannot be obtained from simple Bragg
diffraction studies. We therefore use total neutron diffraction to
study (Cuy/Au;,,)CN and (Ag,Au;;,)CN, in addition to
(Cuyg.50AZ0.50)CN, to determine both their local and long-range
structures. The results, in combination with those of the diffuse
reflectance spectroscopy, show that aurophilic interactions do
not appear to be necessary to cause the gold-containing
materials (Ag,,Au,,,)CN and (Cu,/,Au,,,)CN to adopt the
AuCN structure type.

The diffuse reflectance spectra and photoluminescent
behaviors of the mixed-metal and parent cyanides have also
been investigated. It is notable that the diffuse reflectance
spectra of LT-CuCN, AgCN, and AuCN have not been
previously reported, which is surprising given the different
colors of these compounds and the importance of absorption
spectra for photoluminescent studies. Luminescent lifetimes are
measured for the first time for LT-CuCN and AuCN, as well
the mixed-metal cyanides. We conclude that the photophysical
properties of both the new mixed-metal cyanides and their
parents are influenced by both intra- and interchain ordering. In
particular, interchain interactions must be responsible for the
yellow color of AuCN.

B RESULTS AND DISCUSSION

The structure types and lattice parameters of the single-phase
polycrystalline materials, (M,M’;_,)CN, prepared at room
temperature from aqueous cyanide solutions, were determined
using powder X-ray diffraction (PXRD) (Tables 1 and S.3), and
the compositions of the (Cu,Ag,_,)CN compounds were
confirmed using atomic absorption spectroscopy (Table S.2).
In the CatCN—AgCN system, a solid solution, (Cu,Ag,_,)CN,
exists over the range 0 < x < 1, whereas in the AgCN—AuCN
system, only a single intermediate, a line phase with
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Table 1. Mixed-Metal Cyanide Compounds, (M,M’,_,)CN
(M, M’ = Cu, Ag, Au), Their Structure Types, and
Hexagonal Lattice Parameters Determined at Room
Temperature

structure
composition® color type a/A c/A
HT-CuCN? off-white AgCN 6.031(2)  4.829(3)
AgCN white AgCN 6.007(2)  5.259(3)
AuCN bright yellow ~ AuCN 3393(9)  5.066(7)
(Cug17Agoss)CN  white AgCN 6.022(3)  5.201(5)
(Cug33Ag067)CN  white AgCN 6.031(2)  5.108(3)
(Cuo.soAgo,so) CN white AgCN 6.022(5) 5.007(5)
(Cupe;Ago33)CN  white AgCN 6.030(9)  4.926(11)
(Cugs3Ag017)CN  white AgCN 6.026(3)  4.877(3)
(Cuge3Ag00,)CNY  off-white AgCN 6.031(3)  4.845(3)
(Cuy)yAu,,,)CN pale yellow AuCN 3.396(5)  4.931(6)
(Cuy/p,Aug);,)CN - pale yellow AuCN 3421(3)  4.918(4)
(Cuy/3Au;3)CN  pale yellow AuCN 3.424(5)  4.882(5)
(Agy,Au, ,)CN white AuCN 3.425(5) 5.158(6)

“Compositions of line phases are indicated by the use of fractions in
the formulas. Members of solid solutions have their compositions
expressed as decimals. bHigh-temperature polymorph with AgCN
structure formed on heating as-synthesized material at 320 °C under
vacuum for 2 h.

composition (Ag, ,Au,,)CN, is formed. In the Cu—Au system,
there are line phases at (Cu,/3Au;/3)CN and (Cu, ,Au,/,)CN.
Between these phases, it appears that additional phases, such as
(Cuy/15Aus,1,)CN, may exist as line phases.

Powder X-ray Diffraction. CuCN—AgCN Phases. The
PXRD patterns of compounds in the CuCN—AgCN system
(Table 1 and Figure 3), prepared both at room temperature (0
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Figure 3. Indexed PXRD patterns measured at room temperature of
(a) HT-CuCN, (b) (CupsA8033)CN, (c) (CugsoAgoso)CN, (d)
(Cug33A€047)CN, and (e) AgCN.

< x £0.83) and after heating the low-temperature phases (0.93
< x < 1), can be indexed on the basis of simple hexagonal
lattice parameters with a = b ~ 6 A and ¢ ~ S A. This indicates
that they all have the AgCN (HT-CuCN) structure (Figure
1b). There is a steady decrease in the c lattice parameter as a
function of increasing copper content, with no evidence for
discontinuities (Figure 4). This behavior confirms that the
(Cu,Ag;_,)CN system forms a solid solution. There is a slight
negative deviation from ideal Vegard’s law behavior (dashed
line), suggesting true miscibility of CuCN and AgCN at room
temperature and the occurrence of enhanced interactions
within the mixed-metal chains on formation of the solid
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Figure 4. Variation with x of the c lattice parameters of (Cu,Ag,_,)CN
(A) and (Cu,Au,_,)CN (@®). The continuous line is a cubic fit to the
data, and the dashed line is a straight line between the end points.

solution.”* A likely explanation is that, in the mixed-metal
chains, the C=N groups can order locally into Cu—N=C—Ag
or Cu—C=N-—Ag linkages. This behavior is in contrast with
that of the single-metal parents, CuCN’ and AgCN,8 in which
the C=N groups are found to be head-to-tail disordered.

At very high copper concentrations (0.93 < x < 1), the
compounds initially formed by the acid addition procedure
have the LT-CuCN structure (Figure 2). These convert to the
AgCN (HT-CuCN) structure on heating to 320 °C under
vacuum, establishing that the solid solution exists over the full
composition range (0 < x < 1). In HT-CuCN and AgCN, the ¢
lattice parameters correspond to the bond length sum of
2ryc/n + rc=n (Figure 1). The decrease in the ¢ parameter
with increasing x in the mixed CuCN—AgCN series thus
reflects the fact that Cu—C/N bonds (rc,_c/n = 1.85 A) are
shorter than Ag—C/N bonds (rp,—c/n = 2.07 A).* The lattice
parameter a (Table 1), and the corresponding derived
interchain distance a/ \/ 3 (Figure S.1), vary little with
composition, as might be expected given the similarity of the
a lattice parameters of HT-CuCN and AgCN.

AgCN—AuCN Phases. In the exploration of the AgCN—
AuCN system using acid precipitation (Table S.5, Figure S.2),
only a single mixed-metal compound was formed, namely, a
line phase with composition (Ag;/,Au,,)CN (Table 1).
Attempts to make gold-rich compositions resulted in the
formation of the (Ag,,Au;/,)CN solid phase and HAu(CN),
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in solution. The latter decomposed after several days to
precipitate AuCN. In contrast, at the silver-rich end of the
composition range, AgCN is formed in addition to
(Ag;,Au,,,)CN. (Ag;Au;;,)CN can also be made in a
rational manner by the stoichiometric reaction between
[Au(CN),]” and Ag" ions. The PXRD pattern of this phase
can be indexed on a hexagonal unit cell similar to that of
AuCN, showing that (Ag;,Au,,)CN adopts the AuCN
structure rather than that of AgCN (Figure S). The c lattice
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Figure 5. Indexed PXRD patterns measured at room temperature of
(a) AgCN, (b) (Ag;/2Au;/,)CN, and (c) AuCN.

parameter for (Ag;,Au,;,)CN is close to the average of the
values for the parent cyanides, AGCN and AuCN. The
interchain distance in (Ag,,Au,,,)CN, which corresponds to
the a lattice parameter, is just below the mean of the interchain
distances in the parent compounds (Table S.5).

Although the formation of a single mixed-metal phase of 1:1
stoichiometry suggests that the chains in (Ag;/,Au,/,)CN are
ordered, there is no evidence from the Bragg diffraction data
that this is the case; i.e, no additional superlattice reflections
occur in the powder pattern, and consequently the unit cell still
contains only one MCN unit. It should be noted that the
absence of superlattice reflections does not preclude ordering
within individual chains if there is no long-range interchain
order.

CuCN—AUCN Phases. A line phase with 1:1 ratio of the
parents, (Cuy,Au;,,)CN, was formed in the CuCN—AuCN
system. No further solid phases were found toward the AuCN-
rich end of the phase diagram, but, as was found in the acid
precipitation experiments in the AgCN—AuCN system, the
excess gold present formed HAu(CN),. However, in the
CuCN-rich region of the phase diagram, with x > 2/3, a second
line phase, (Cu,;Au,,3)CN, was prepared in combination with
LT-CuCN. Both line phases have the AuCN structure type, as
seen from their PXRD patterns, which can be indexed on the
basis of simple hexagonal lattice parameters with a = b ~ 3.4 A
and ¢ & S A (Table 1, Figure 6). The c lattice parameters for
these two line phases are both a little shorter (~0.02 A) than
the weighted averages of the c lattice parameters of the parents
(Figure 4). A material was prepared at a composition between
those of the two line phases, (Cu,,Au;,,)CN and
(Cuy/3Au,3)CN, with a CuCN:AuCN ratio of 7/12:5/12.
The indexed powder pattern yielded a ¢ parameter intermediate
between those of (Cu,;,,Au;;,)CN and (Cu,/3Au,,;)CN,
showing that at least one additional line phase or a range of
solid solution must exist in this region.
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Figure 6. Indexed PXRD patterns measured at room temperature of
(a) HT-CuCN, (b) (Cu,3Au,/3)CN, (c) (CuyAu,,,)CN, and (d)
AuCN, showing that the mixed-metal phases all have the AuCN
structure type. * indicates small amount of LT-CuCN present as

impurity.

Again the absence of superlattice reflections in the PXRD
patterns for the mixed copper—gold phases shows that these
materials lack long-range interchain order, but in this system,
the existence of line phases is highly suggestive of order in
individual chains. The full structural characterization of
(Cuy,Au,,)CN requires total neutron diffraction studies and
is presented below, together with those of (Ag; ,Au,,,)CN and
(Cuo.soAgo.so)CN-

Vibrational Spectroscopy. Vibrational spectroscopy can,
in contrast to PXRD, yield information on the order and
connectivity within metal—cyanide chains, even if there is no
long-range order between the chains.

The parent cyanides, HT-CuCN, AgCN, and AuCN, all give
rise to a principal vc—y vibration observable in both the
infrared and Raman spectra (Table 2). It is notable that they

Table 2. Principal Stretching Frequencies, ¥-—y, Observed
in Infrared and Raman Spectra for the Single-Metal and
Mixed-Metal Cyanides®

Vomn/cm ™

composition IR Raman
LT-CuCN 2166 2177 [3]
HT-CuCN 2168 2172
AgCN 2161 2167
AuCN 2234 2236
(Cup 17A03)CN 2167 2173
(Cug33A8067)CN 2167 2173
(Cug.50A80.50)CN 2167 2173
(Cug67A8033)CN 2166 2172
(Cugg3A8017)CN 2165 2169

(Cuy3Au,,5)CN 2208, 2190(sh), 2167 2226, 2193, 2171
(Cuy,pAus)1,)CN 2207, 2189(sh), 2165(sh) 2226, 2193, 2173
(CuypAu,,,)CN 2208 2226
(Ag,,Au, ,)CN 2208 2225

“sh = shoulder.

are coincident for each compound. Bowmaker’' used the
coincidence of the v—y stretch in the IR and Raman spectra of
CuCN, AgCN, and AuCN as evidence for ordered chains of the
form [M—CN—-M-CN-],, but this coincidence is also
consistent with the existence of head-to-tail disorder of the
C=N groups in the chains, as has been shown to exist by
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NMR experiments on CuCN” and AgCN.® In HT-CuCN and
AgCN, the vc—y stretching frequencies in the IR and Raman
spectra are similar but occur at a wavenumber ~70 cm™ lower
than those found for AuCN, in agreement with values reported
previously.'®'**"** On formation of the mixed Cu—Au and
Ag—Au cyanide phases, significant changes occur in the ve—y
stretching frequencies observed in the IR and Raman spectra,
yielding information on both metal and cyanide ordering within
the metal—cyanide chains. In contrast, there is negligible
change in the vc—y vibrational frequency on the formation of
the mixed (Cu,Ag;_,)CN compounds. However, information
on order within the metal—cyanide chains in these compounds
can be obtained by examination of the changes in the vy ¢/y
stretching frequencies observed at lower wavenumbers in the
Raman spectra.

(CuyAu,)CN and (Ag;,Au;,)CN. The values for the
stretching frequencies, vc—y, obtained from the IR and Raman
spectra are noncoincident in either (Cu, ,Au,,,)CN (Table 2,
Figure S.4) or (Ag;,,Au,,,)CN (Table 2, Figure 7), showing

2300

2250

Ll

1100

3600 3100 2600 2100 1600

wavenumber/ cm™

600 100

Figure 7. IR (red) and Raman (black) spectra of (Ag;/,,Au,,,)CN,
with inset showing the noncoincidence of the vc—y stretching
vibrations.
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Figure 8. IR- and Raman-active vc—y stretching vibrational modes in
(a) ordered (M,,M’,,)CN, D, chains, and (b) ordered
(M,3M';/3)CN, C,, chains. Key: metal M, orange; metal M/, yellow;
carbon, green; and nitrogen, blue.

that the individual chains in each compound are centrosym-
metric (Figure 8a). Frankiss et al. had previously failed to
identify the center of symmetry in (Ag, ,Au, /Z)CN.IS’19 The
existence of the center of symmetry, together with the fact that
only one vc—y frequency is observed in each spectrum, shows
that there must be strict alternation of the metal atoms within
the chains, ie, (M:--M’--M:-M’), together with cyanide
ordering. The existence of a single C=N environment in
each of the compounds is further confirmed by the observation
of only one vy ¢,y stretching frequency, which occurs at 606
ecm™" (IR) and 593 cm™" (R) for (Cu,,Au, ,)CN, and at 540
cm™" in both spectra for (Ag; ,Au, ,)CN. These vy_c/y values,

16391

as might be expected, lie intermediate between those for the
parent compounds, which occur at 591 ecm™ for CuCN, 480
em™! for AgCN, and 598 cm™! for AuCN.>' The bending
vibrations at 337 and 254 cm™' in the Raman spectrum of
(Cuy)Au;,)CN and at 321 and 160 cm™' in that of
(Ag;»Au, ,)CN are assigned to Sycy and Syye, and are also
shifted compared to those of the parents.”'

Unfortunately, vibrational spectroscopy does not yield the
sense of the cyanide binding, which may be either M'-N=C-
M—-C=N-M' or M'-C=N-M-N=C-M'". To determine
whether the chains in (Ag;,Au,,,)CN are of the form [Ag—
CN-Au—NC-], or [Ag—NC—Au—CN-],, and whether those
in (Cu,/Au,/,)CN are [Cu—CN—Au—NC—], or [Cu—NC—
Au—CN-],, additional experiments are required. In the
following section, the results of total neutron diffraction are
used to determine the sense of the cyanide binding and the
metal—carbon and metal—nitrogen bond lengths in these
disordered materials.

(Cu,3Au,,5)CN and (Cuy,Aus);))CN. The assumption is
made in the following discussion that, in the Cu—Au cyanide
systems, the carbon end of the cyanide group is attached to
gold. This is proved to be correct in the case of (Cu,,Au, 5,)-
CN by using total diffraction techniques, as described below.
The IR and Raman spectra of (Cu,,3Au;,;)CN and
(Cuy/15Aus,,)CN (Table 2, Figure S.5) can be interpreted
by comparison with the spectra obtained for (Cu,,Au;,,)CN
and the simple metal cyanides, CuCN and AuCN. The vc—y
stretching frequencies at 2208 cm™" (IR) and 2226 cm™ (R)
for (Cu,/3Au, 5)CN, and at 2207 cm™' (IR) and 2226 cm™
(R) for (Cuyj,Aus,1,)CN, are assigned as the asymmetric and
symmetric vibrations of the cyanide groups bridging between
gold and copper in Cu—NC—Au—CN-—Cu units, as shown in
Figure 8a. The vibration at 2190 cm™' (IR), coincident with
2193 ecm™' (R) and observed for both (Cu,/;Au,,;)CN and
(Cuy,12Aus1,)CN, is assigned to the stretching of the C=N
group bonded between copper atoms in Aeu—CN—Cu—C=N-
Cu—NC—Au units (Figure 8b-iii). The final stretching vibration
seen in the region 2165—2171 cm™ in the IR and Raman
spectra of both compounds can only be accounted for by
considering the occurrence of longer sequences of (Cu—C=
N-—), units within the chains (Figure 9). In both HT- and LT-
CuCN, the analogous v/c—y stretch also occurs at ~2167 cm ™.
It should be noted that the absence of a vc—y stretching
vibration at ~2235 cm™' in the IR and/or Raman spectra

~Cu-C=N-Cu-C=N-Cu-C=N-Cu-N=C-Au-C=N-Cu-C=N-Cu-N=C-Au-

-Cu-N=C-Au-C=N-Cu- |

~Cu-C2N-Cu-

i h ™
i W, v 7N
/) \ o
Y/ S e e 1

- —

2260 Frrl] 2200 2180

wavenumber | em

2280 2240

Figure 9. Raman spectra of (Cu,/;Au,,3)CN (red) and (Cu,,,Aug,y,)-
CN (blue) over the range 2120—2280 cm™’, together with a possible
metal sequence within the copper—gold chains which accounts for the
observed vc—y stretching vibrations.
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suggests that Au—CN—Au linkages are never formed in
(Cuy/3Au,/3)CN and (CuyyppAug;;,)CN.

(Cu,Ag;_JCN. In the solid solution, (Cu,Ag,_,)CN, the
Vc—y Stretch is coincident in the Raman and IR spectra at
~2170 cm™" (Table 2, Figures S.6 and S.7), with no significant
variation in frequency with x. This value is close to those seen
for the parent cyanides, CuCN and AgCN. Thus, even at the
composition (CugsoAgyso)CN, there must be metal and
cyanide disorder within the metal—cyanide chains, in contrast
to the behavior in (Cu;,Au,,)CN and (Ag,,Au,,)CN
described above.

In the (Cu,Ag,_,)CN system, both the vy_c,y stretches,
seen in the Raman spectra in the range 450—600 cm™" (Figure
10), and the bending motions, for example, Sycy and Symc
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Figure 10. Raman data for mixed copper—silver cyanides and parent
compounds: (a) LT-CuCN, (b) (Cugg;Ag013)CN, (c) (Cugg,Agy33)-
CN, (d) (CugsoAgoso)CN, (e) (Cugs3Ag067)CN, (£) (Cugy3Ag)s7)-
CN, and (g) AgCN. Vertical dashed lines: band A, the Cu—C/N
stretch in the Cu—CN—Cu unit;*' band B, the Cu—N stretch (which
is also the Ag—C stretch) in the Cu—NC—Ag unit (assigned on the
basis of arguments given in the neutron diffraction section below); and
band C, the Ag—C/N stretch in the Ag—CN—Ag unit.?!

seen below 400 cm™" (Figure S.8), are at substantially different
wavenumbers from those of the parent compounds. Analysis of
the vy_c v stretches is straightforward and provides
information on the local structure within the chains. In the
parent cyanides, the vy_c/y stretches are at 590 cm ™ (CuCN)
(Figure 10, band A) and 480 cm™ (AgCN)21 (Figure 10, band
C). In all the mixed Cu—Ag cyanides, an intermediate band
appears at ~510 cm™' (Figure 10, band B), which can be
assigned as arising from a vy_¢y stretch from either Cu—NC—
Ag or Cu—CN—Ag linkages. Chemical intuition suggests that
C=N order is likely to occur in the sense Cu—N=C—Ag. This
is indeed shown to be correct from our total neutron diffraction
studies.

It is notable that band A does not appear in the Raman
spectra of either (Cug33Agy;)CN or (Cug;3Agys;)CN (Figure
10e,f), showing that the Cu—CN—Cu linkage does not occur at
low copper concentration and that there is a preference for Cu
to have Ag atoms as nearest metal neighbors within the chains.
At the composition (CugspAgoso)CN, the appearance of band
A (Figure 10d) shows that there must be a small number of
Cu—CN-—Cau linkages in addition to the Cu—NC—Ag linkages
seen at band B. Thus, there is more than one type of link
present in the chain, and perfect alternation of metals along the
chains, i.e., Ci—NC—Ag—CN—Cu—NC—Ag—, does not occur.
The band expected to be observed at C in Figure 10d,

corresponding to the v,_c/y stretch in the Ag—CN—Ag unit in
these materials, is only of very low intensity in the parent
AgCN (Figure 10g) and, hence, is not seen in the mixed-metal
phases. The occurrence of more than one cyanide environment
in (CugsoAges0)CN contrasts with the cases of (Cu,Au, 5)-
CN and (Ag;»Au, ,)CN, where there is complete order.

Total Neutron Diffraction Studies of (Cu,,Au,;,)CN,
(AngAu”z)CN, and (cuO'soAgolso)cN. As we have shown
above, the information obtainable from Bragg diffraction for the
mixed-metal cyanides, all of which are disordered crystalline
materials, is rather limited and has to be supplemented by other
methods. For example, we have used vibrational spectroscopy
to demonstrate the existence of complete metal and cyanide
ordering within individual [M—CN—M'—NC], chains in the
gold-containing systems (Cu, ,Au,,,)CN and (Ag, ,Au, ,)CN,
and incomplete metal and cyanide ordering within the chains in
(Cuyg.50Ag0.50)CN. To explore structure—property relationships
in these materials, their local structures need to be determined.
This can be done using total diffraction techniques, using either
X-rays or neutrons, which yield directly model-independent
information on pair correlation functions. This information is
particularly useful to the chemist, as at short distances, peaks in
the correlation function can be assigned to distinct pairs of
atoms and hence produce bond distances directly.****

Because the atomic numbers (and hence X-ray scattering
powers) of C and N are very similar, and significantly lower
than those of the metals, particularly Au, total neutron
diffraction is needed to determine the preferred arrangement
for CN binding within the mixed-metal chains, e.g, as either
Cu—C=N-Au or Cu—N=C—Au. (The coherent neutron
scattering lengths, b, for Cu, Ag, Au, C, and N are 7.718, 5.922,
7.63, 6.6460, and 9.36 fm, respectively.”®) A further important
issue to be addressed is whether the adoption by (Cu, ,Au, 5,)-
CN and (Ag,; ,Au,,,)CN of the AuCN structure, in which the
metal atoms lie in sheets (Figure 1), is controlled by aurophilic
interactions. Although the lack of superlattice reflections in the
Bragg diffraction patterns of (Cu, ,Au,,,)CN and (Ag; ,Au, ,)-
CN precludes long-range order between the chains, which if
present would generate alternating homometallic sheets in
these systems, it is still possible that there is a local preference
in neighboring chains for Au---Au interactions (with necessarily
occurring Cu--Cu and Ag--Ag interactions), rather than
Au--Ag and Au--Cu interactions. Total diffraction has the
potential to determine whether such local metal ordering
occurs.

Intrachain Order. Figure 11 shows the low-r region of the
neutron correlation functions, TN(r), for the three mixed-metal
compounds, obtained using a value of S0 A™" for Q... In each
of these functions, the first peak at ~1.15 A can be
unambiguously assigned to the C=N distance in cyanide
groups. The peak manifold in the region ~1.7-2.2 A
corresponds to short correlations from carbon and nitrogen
directly bonded to a metal. For (Cu,/,Au;,,)CN and
(Cugs0Ago50)CN, there are clearly two peaks in this region,
while for (Ag,;,Au,/,)CN, the two peak components are too
close to be resolved.

For (CujpAu;;,)CN and (CugsoAgoso)CN, the metals
involved in the correlations giving rise to each of the two
peaks can be unambiguously assigned by reference to the bond
lengths previously observed in the parent compounds (Table
3). Thus, the peaks at lower r (~1.8 A) arise from Cu—C/N
correlations, and those at higher r (~2 A) from Ag—C/N and
Au—C/N correlations.
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Figure 11. Final fits to the low- region of the total neutron correlation
function, TN(r), for (a) (CuyAu;,)CN, (b) (CugseAgyso)CN, and
(c) (Agy/,Au,,)CN at 10 K. The experimental data are shown by a
thick continuous black line, while the best fit (components and total)
is shown by a thin continuous red line, and the fit residual is shown by
a shifted dashed blue line.

Because C and N have significantly different neutron
scattering lengths, it is possible, in the cases of (Cu, ,Au, ,)CN
and (CugsAgos0)CN, to determine the sense of the cyanide
binding by fitting the two components of the M—C/N
manifold. The simplest aspect to consider is that the area of
each component of the manifold depends on the atom pairs
involved as (byXbc) and (byyXby). Another important point to
note is that the fitted widths of both components (a measure of
the root-mean-square deviation of the bond length) must be
physically reasonable and also approximately equal. Thus, for
(CuyAu, ,)CN, the best fit to the low-r region of TV (r) is
obtained when Cu is bonded to N and Au to C (Figure 11a,
Table 3). A favorable feature of the fit is that the two peak
widths, uc,_y and wus,_c, are equal within one standard
deviation and are very similar to those measured previously for
the parent compounds, HT-CuCN and AuCN (Table 3). The
associated coordination numbers, n¢,_y and n1,,_c, which were
constrained to be equal during the fit, are only slightly smaller
than the expected value of 2. (Experimental coordination
numbers are usually slightly smaller than the ideal values for
reasons explained previously.”®) Reversing the orientation of

the cyanide group (ie., assuming Cu—C and Au—N bonds;
Figure S.11, Table S.7) gives an inferior fit in which the two
peak widths are not only very different, but in one case
unfeasibly large, and inconsistent with the values observed in
the parent compounds.

The low-r region of TN(r) for (CuysoAgso)CN was fitted
according to the two fully ordered models (Cu—NC—Ag—
CN—Cu and Cu—CN—Ag—NC—Cu), with the coordination
numbers of the two metals again constrained to be equal. The
fit for the model containing Cu—C and Ag—N bonds may be
rejected because the peak widths uc, ¢ and uy,_y (Figure
S.11c, Table S.7), when considered together, are unreasonable.
The fit for the model with Cu—N and Ag—C bonds is much
improved because the peak widths uc, y and u,,_c are similar
(Figure S.11b, Table 3) and are of reasonable magnitude.

However, it was shown above from the Raman data that the
chains in (CugsoAgyso)CN cannot be fully ordered. The
introduction of a small number of Cu—C and Ag—N bonds
(the “mixed model”) improved the fit still further. Figure 11b
shows the low-r region of TN(r) for (CugsoAgyso)CN fitted
using the mixed model (Table 3), with the two peak widths
constrained to be equal. The best fit is obtained when 85% of
atoms bonded to Cu are N and 15% are C.

Although the difference between the M—C/N bond lengths
in AgCN and AuCN is only 0.096 A (Table 3), this difference,
if maintained in (Ag,,Au,,,)CN, would be sufficient to allow
the sense of the C=N binding to be determined using the
approach described above. However, in (Ag;/,Au;,,)CN,
inspection of T™(r) shows that the difference in the M—C
and M'—N bond lengths is significantly reduced so that the
peak at ~2 A in TN(r) cannot be separated into two
contributions (Figure 11c). The low-r region of T"(r) for
(Agy2Au,,)CN was therefore fitted using the two possible
ordered models (Ag—NC—Au—CN-Ag and Ag—CN—Au—
NC—Ag), with the coordination numbers of the two metals,
n;_, and the corresponding peak width values, u;_;, constrained
to be equal. The two models produce fits with very similar R
factors (Table S.7). The preferred final model (Figure 1lc,
Table 3) was chosen because the ratio #1,,_c:1c—y is closer to 2
than n,,_n:c=y and, more compellingly, because Meng et al?
found from *C NMR that a short silver—gold—cyanide anion
chain fragment, when encapsulated into the tubular cavity of a
copper(I)—amine host, ordered as (NC—Au—CN—Ag—NC—
Au—CN)~. The corresponding encapsulated copper—gold
chain fragment was found to order as (NC—Au—CN—Cu—
NC—Au—CN)~, with cyanide bound in the same sense as
determined in our extended chain system, (Cu,,Au,,,)CN.

Interchain Order in the Gold-Containing Compounds.
The question of interchain order is particularly meaningful in
the cases of the gold-containing systems where we have
established that total order exists within the chains.

To investigate whether there is any short-range interchain
order in the gold-containing systems, (M, ,Au,,,)CN, three
different models were constructed (Figure 12), all of which
incorporate the information on the structures of the individual
ordered chains (ie, [Cu—NC—Au—CN-], and [Ag—NC-—
Au—CN-],) determined above. These models were chosen to
investigate whether aurophilic bonding influences the arrange-
ment of chains in the mixed gold-containing compounds and,
hence, the structures adopted by these materials. Aurophilic
bonding has previously been proposed as a reason for gold
cyanide itself adopting the AuCN structure rather than the
AgCN structure.®
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Table 3. Structural Parameters (Bond Length, rii /A, Root-Mean-Square Variation in Bond Length, u._./A, and Coordination

J

)

Number, nl-,k)26 for the Neutron Correlation Functions of the Mixed-Metal and Parent Cyanides at 10 K

model

(CuyjpAuy/,)CN Cu—NC—-Au—CN-Cu—-

mixed model
85%: Cu—N and Ag—C
15%: Cu—C and Ag—N

(Cugs0Ag050)CN

(Agl/zAul/z) CN Ag—NC—-Au—CN-Ag—

HT-CuCN%’ Cu—N/C—Cu—C/N—Cu—
AgCN”’ Ag—N/C—Ag—-C/N—Ag—
AuCN® Au—N/C—Au—C/N—Au—

atom pair, j—k rj_k/A u/._k/A g
C=N 1.1510(5) 0.0360(8) 0.962(8)
Cu-N 1.825(1) 0.047(1) 1.92(2)¢
Au—C 1.977(2) 0.046(2) 1.92(2)¢
C=N 1.1556(4) 0.0378(6) 0.955(6)
Cu-N 1.66(2)

1.8440(8)" 0.0564(8)¢
Cu—C ® ® 0.304(3)
Ag—C 1.66(3

& 2.069(2)" 0.0564(8)° )

Ag—N 0.304(5)
C=N 1.1525(8) 0.034(1) 0.93(1)
Au—C 1.981(3) 0.047° 1.82(3)¢
Ag—N 2.038(3) 0.047° 1.82(3)¢
C=N 1.1537(1) 0.0287(4)
Cu—-C

1.8478(1)" 0.0429(2
CueN 1 9(2)
C=N 1.1552(1) 0.0267(4)
Ag—C

& 2.0679(1)* 0.0528(2)

Ag—N
C=N 1.1547(4) 0.022(1)
Au—-C

1.9717(5)* 0.051(1
AN O] (1)

“The M—N and M—C bond lengths are indistinguishable. YFixed value. “Constrained value.
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Figure 12. Three proposed models for the structure of (Ag,,Au,/,)-
CN containing ordered [Ag—NC—Au—CN~-], chains in space group
(a) P6/mmm[1], (b) Immm[2], and (c) P6/mmm[3]. [The number in
brackets after the space group symbol corresponds to the number of
AgAu(CN), units in the unit cell.] Key: Au, yellow; Ag, pink; C, green;
and N, blue. Similar models were used for (Cu,,Au,/,)CN.

Correlation functions, TN(r),,4, Were calculated over the
range r = 0—14 A for the three (Ag,,Au,;,,)CN models and
compared with the experimentally determined T"(r) function
(Tables S.8—S.10, Figures S.11—S.13). The agreement for
model (a) in P6/mmm is significantly worse than for models
(b) and (c). This is surprising, as models (b) and (c) show
reduced possibility for Au--Au aurophilic interactions com-
pared to model (a): in (a), every Au atom has six Au near
neighbors, whereas in (b) and (c), the average number of Au
near neighbors is two. Models (b) and (c) differ in that (c)
contains two crystallographically distinct Au atoms, one of
multiplicity 2 with three Au neighbors and one of multiplicity 1
with no Au neighbors. A similar calculation for (Cu, /,Au; ,,)CN
(Tables S.11—S.13, Figures S.14—S.16) yielded no significant

difference in the calculated TN(r) for each of the three models,
showing that neutron diffraction is incapable of determining the
nature of short-range interchain ordering in this compound.
However, using evidence from the diffuse reflectance spectra
below, we conclude that, in (Cu,/,,Au,/,)CN, the situation is
similar to that found in (Ag;,Au, ,)CN. We emphasize that, if
the interchain orderings of the types shown in (b) and (c)
occur only over a short range and do not persist over the long
range of a conventional crystallographic description, no
superlattice reflections will appear in the Bragg diffraction
pattern. This is in agreement with experiment. The long-range
order can be destroyed by microtwinning of structures (b) and
(c). It is remarkable that aurophilic interactions do not appear
to be the driving force for the adoption of the gold cyanide
structure by (Cu,,Au,,,)CN and (Ag; ,Au,/,)CN.

Physical Properties. Thermal Expansion Behavior. To
investigate the thermal expansion behavior of the mixed-metal
cyanides, their lattice parameters were measured between 95
and 490 K using PXRD. Thermal expansion coeflicients, a,, a,,
and a,,, were calculated over this temperature range and
compared with data measured for the parent cyanides’ (Table
4). An interesting feature of these materials and the parent
cyanides is that they exhibit NTE along ¢ in the [M—C=N-],
chain direction. This is accompanied by positive thermal
expansion in the ab plane and an overall increase in cell volume.
The relative percentage changes in the lattice parameters, , as a
function of temperature are shown in Figures 13 and 14. The
changes in the corresponding a lattice parameters and unit-cell
volumes are shown in Figures S.17—S.19.

When comparing the thermal expansion coeflicients of the
parent cyanides, the value of o, is much more negative for HT-
CuCN and AgCN than for AuCN. It is notable that the mixed-
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Table 4. Thermal Expansion Coefficients, @,” Determined
between 95 and 490 K for Simple and Mixed Group 11
Metal Cyanides

a,/107¢ k! a,/107° K™ /1076 K
HT-CuCN 84.1 —30.7 1382
AgCN 70.8 248 117.4
AuCN 61.6 -89 1153
(Cug.17Ags3)CN 739 —26.0 122.5
(Cup33Agy67,)CN 75.5 -29.0 122.5
(Cups0Ago50)CN 75.8 —345 1172
(Cup67Ag033)CN 74.8 —37.1 112.5
(Cugg5Agy,7)CN 78.3 —40.1 116.5
(Cuy3Au, 5)CN 86.5 —-15.0 160.0
(Cuy)yAu,,)CN 833 -138 154.6
(Agy)»Au,,)CN 83.9 -9.0 161.0

“Coefficient of thermal expansion, @, for a parameter [ is given by a; =
(I = 1))/1)(T = T,), where I is the parameter I at temperature T and
Iy is the parameter [ at the lowest temperature, T,. @, and a, are the
coefficients for the lattice parameters a and c, respectively, while a,,, is
the coefficient for the cell volume.
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Figure 13. Relative percentage changes in the ¢ lattice parameters for
(CupsoAgos0)CN, (CuyppAuy,)CN, and (Ag;Au;;,)CN and the
parent cyanides HT-CuCN, AgCN, and AuCN. The relative %
change of a parameter, Iy, is given by 100 X (I — Iy)/l,, where I1is the
parameter [ at temperature T and [, is the parameter [ at the lowest
temperature, T,

metal cyanides containing gold, i.e., (Cu,/;Au;,;)CN,
(CuyAu,,)CN, and (Ag;,Au,;,)CN, have a, values much
closer to that of AuCN than to those of their other parent
(Table 3). Indeed, below 300 K, the relative change in the ¢
parameter as a function of temperature for all the gold-
containing phases is almost identical (Figure 13). For the
AuCN-related compounds, structure type exerts more influence
than composition over the NTE behavior.

Compounds adopting the AgCN structure type, i.e,, those in
the (Cu,Ag,_,)CN system, together with the parents HT-
CuCN and AgCN, show a larger NTE effect than the AuCN-
related materials. In these materials, the composition has a
bearing on the magnitude of the NTE. As x increases from 0 to
0.83 in (Cu,Ag,_,)CN, the @, value becomes steadily more
negative (Table 3, Figure 14). Surprisingly, when x = 1, ie., for
HT-CuCN itself, the @, value rises to a value in the middle of
the range.

Lateral motions in the ab plane normal to the chain
direction, such as those the type shown in Figure 15, are known
to contribute to the NTE effect in all these materials.” Such
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Figure 14. Relative percentage changes in the ¢ lattice parameter for
AgCN, (Cuy17A8053)CN, (Cug33Ag067)CN, (CupsoAgo.so)CN,
(Cuyg67Ag033)CN, (Cuyg3Ag0,17)CN, and HT-CuCN. The data are all
fitted using fourth-order polynomials. The relative % change of a
parameter, [y, is given by 100 X (I; — I,)/l,, where I is the parameter
at temperature T and [; is the parameter [ at the lowest temperature,
T,
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Figure 15. Thermal behavior of an [M—(C/N)=(N/C)-], chain.
Key: metal, black; disordered cyanide groups, cyan. With increasing
temperature, the ¢ lattice parameter contracts while the a lattice
parameter expands.

motions must be more constrained in the AuCN structure type
than in the AgCN structure type. Lateral motions would be
expected to force the chains apart, causing the expansion in the
ab plane, which is indeed observed to a similar degree for all
materials (Table 3, Figures S.17—S.19).

Diffuse Reflectance and Luminescence Spectroscopy.
Diffuse reflectance and luminescence spectra were collected
for the mixed-metal cyanides (Cu,Ag;_,)CN, (Cu,,Au, ,)CN,
and (Ag;,,Au;,,)CN and their parents CuCN, AgCN, and
AuCN. It is noted that even the photophysical behavior of the
parent cyanides is not fully understood. For example, although
Bayse et al.'"'® can explain some aspects of the photo-
luminescence behavior of LT-CuCN, AgCN, and AuCN, the
energy-level diagrams are calculated only for isolated chain
fragments rather than extended models. The fact that Bayse’s
calculations cannot account for the observed yellow color of
AuCN shows that the description of these systems is
incomplete. For the (M,M’;_,)CN materials, the aim is to
determine whether they behave as physical mixtures of the
simple parent cyanides, or if new optical behavior emerges.
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Such new behavior may enable one type of metal—cyanide
center within the chains to act as a sensitizer to promote
emission from a different neighboring center and allow the
tuning of optical properties by varying the metals and their
compositions.

In the present work, diffuse reflectance spectra for the
parents and mixed-metal cyanides are reported over the
wavelength range 200—700 nm for the first time (Figure 16).
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Figure 16. Diffuse reflectance spectra over the range 200—700 nm for
the mixed-metal cyanides, (M,M’,_,)CN, and their parents, LT-
CuCN, AgCN, and AuCN.

All the gold-containing compounds absorb at the blue end of
the visible region, explaining their yellow color, with AuCN
being the most brightly colored (Table 1). The significant
difference between the observed behavior for AuCN and that
predicted by Bayse’s model'> must be due to interactions
between gold—cyanide chains. We note that interactions
between [Au(CN),]” ions in solution, ascribed to aurophilic
bonding, cause a very large red shift in the absorption edge.'*'*
Bayse’s calculations for isolated chain fragments, (M, (CN),, )~
(M = Cu, Ag),"""? agree more closely with the experimental
absorption spectra for LT-CuCN and AgCN, suggesting that, in
these cases, the interaction between chains does not have a
major impact on the electronic energies in these systems and
that they approximate to 1-D systems. In LT-CuCN, peaks are
seen at 255, 300, 321, and 379 nm which can be assigned to the
Laporte-allowed n—7z* electronic transitions predicted by
Bayse.'> The absorption band edge observed in AgCN is at
higher energy (lower wavelength) than in LT-CuCN (Figure
16¢), also in agreement with the work of Bayse.12

The diffuse reflectance spectra of the mixed-metal cyanides
show that, in all cases, the compounds do not behave merely as
physical mixtures of the component parent cyanides. This is
easiest to see in the gold cyanide-based systems, all of which
have the AuCN structure. In the mixed silver—gold cyanide,
(Agy,Au;,)CN, and the two mixed Cu—Au cyanides,
(Cuy,Au;,)CN and (Cu,j3Au,,5)CN, the spectra resemble
most closely that of gold cyanide, but with the absorption edges
shifted to higher energy (Figure 16ab). In (Ag;/,Au,,,)CN,
this shift can be ascribed to a change in the interactions between
rather than within the Ag—Au—cyanide chains. We have shown
above that, in (Ag;,Au,,,)CN, the average number of gold
atoms surrounding each gold atom within the metal sheets has
fallen from six in AuCN to two (at ~3.4 A). We propose that a
similar explanation applies in the cases of (Cu,,Au,,,)CN and
(Cuy,3Au, 5)CN, which both have absorption edges close to
that observed for (Ag,Au,/,;,)CN. Unfortunately, using
neutron diffraction, we were unable to determine local ordering
within the metal sheets within (Cu,,Au,;,,)CN.

The (Cu,Ag;_,)CN series shows more complicated behavior
(Figure 16c), which can be explained on the basis of the
structural information obtained from vibrational spectroscopy
and total neutron diffraction techniques. Thus, the distinct
absorption edge seen around 325 nm for all the Cu—Ag
cyanides can be ascribed to transitions between electronic states
localized on copper—cyanide units bonded to silver atoms in
the Ag—CN—Cu—NC—Ag unit. When x exceeds 0.50 in
(Cu,Ag,_,)CN, more extended copper—cyanide units, e.g., of
the type Ag—CN—Cu—CN—-Cu—NC—Ag, are formed in which
copper atoms are no longer solely coordinated to the nitrogen
end of the cyanide group. Thus, (CuyeAgys;)CN and
(Cug43Ag0.17)CN behave like physical mixtures of
(Cugs50Ago50)CN and LT-CuCN. Close inspection of the
high-wavelength end of the absorption edge of the diffuse
reflectance spectrum for (CuyspAgyso)CN shows the presence
of small portions of extended copper—cyanide chain, Cu—CN—
Cu, within this compound. Evidence for such units in
(Cuyg.50Ag0.50)CN has been found in the Raman spectrum at
~590 cm ™.

With the exception of AgCN and (CugsoAgso)CN, the
metal cyanides show significant absorption at a wavelength of
343 nm. This wavelength was subsequently used to excite
photoluminescence. The luminescent behavior of the mixed-
metal cyanides and their parents, including for the first time
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Table 5. Photophysical Properties of the Mixed-Metal
Cyanides, (M_M';_,)CN, and Their Parents at 293 K*

Aexe/nm A /nm Q.Y./% 7,/ns 7,/ns

(CuypAu;,))CN 343 610 - 193 039”
350 610 nd. - -
420 610 0.7 - _

(Cuy/3Au,/3)CN 343 440, 592 - 154  042°
420 592 0.3-0.4 - -

(Agy2Au;/,)CN 343 420, 480 - 14.8 5.70
385 420,480  2.0-22° - -
405 480 125 - _

(Cups0Ago.50)CN 300 ~520 — n.d. nd.

LT-CuCN 343 398 - ~1007  ~03
3542 393 nd. - -
AgCN 240° 393, ~570 n.d. - -
AuCN 242" 408, ~580 n.d. - -
343 635 - 21 25
515 635 nd. - -

“In luminescence measurements, A is the excitation wavelength (343
nm excitation obtained from laser, all other wavelengths from
spectrofluorimeter), 4., is the maximum emission wavelength, Q.Y.
is the quantum yield, and 7, and 7, are the lifetime components of the
biexponential decay of luminescence. n.d. = not determined. An
additional long-lifetime component of the decay (~S0 ns) is observed.
“Q.Y. encompasses both 420- and 480-nm emissions. “The long-lived
component of the luminescence decay could not be fitted accurately
due to the weak signal and limitations of the instrument used. “AgCN
emits only upon excitation with 240-nm light.">

information on luminescent lifetimes of LT-CuCN and AuCN,
is summarized in Table 5. The red luminescence for
(Cuy5Au,,)CN and blue luminescence for (Cu,/;Au;,;)CN
and (Ag;,Au,,,)CN are shown in Figures 17—19. The
combined emission and excitation spectra for these materials
are shown in Figures S.20—S.22, together with luminescence
spectra for LT-CuCN and AuCN in Figures S.23 and Figure
S.24.

All the mixed-metal cyanides studied using an excitation
wavelength of 343 nm exhibit luminescence in the visible
spectral region. (Cu;.,Au,;,)CN shows a red fluorescence
response similar to that of AuCN, but with a slight shift to
shorter wavelength (635 nm in AuCN compared to 610 nm in
(Cu,,Au,,,)CN), suggesting that in both cases, a gold-based
chromophore is involved. It is most likely that this is the NC—
Au—CN unit, previously shown to be present in the mixed-
metal material. (Cu,/;Au,,;)CN has a markedly different
luminescence response spectrum compared to that of
(Cuy,Au,/,)CN, showing a blue luminescence similar to that
of LT-CuCN but shifted to slightly longer wavelength (440 nm
compared to 398 nm), suggesting that the principal feature in
the luminescence involves copper-based chromophores, such as
Cu—CN—Cu. The very much weaker emission at 592 nm may,
as above, arise from the NC—Au—CN units.

(Ag,,Au,/,)CN produces blue luminescence on irradiation
with 343 nm light. The parent cyanide AgCN does not even
absorb at this wavelength, and AuCN emits in the red region.
However, both AgCN and AuCN emit in the blue on excitation
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Figure 17. Red luminescence response of (Cu,/,Au,,,)CN to 343-nm
laser light excitation showing A, = 610 nm. Inset: luminescent image
of microcrystals of (Cu,,Au,,,)CN.
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Figure 18. Blue luminescence response of (Cu,/3Au,,;)CN to 343-nm
laser light excitation showing an intense emission with 4., = 440 nm
and a weak emission with ., = 592 nm (see inset).
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Figure 19. Blue luminescence response of (Ag; ,Au, ,)CN to 343-nm
laser light excitation showing a composite emission with A, = 420 and
480 (unresolved) nm. Inset: luminescent image of microcrystals of
(Agl/zAul/z)CN.

with 240 nm light."” In fact, the emission from (Ag, ,Au,,,)CN
looks quite similar to that shown by Bayse for AgCN excited
with 240 nm light,12 with the exception that no band is seen at
580 nm for the mixed-metal compound. A plausible explanation
is that the electronic structure of (Ag, ,Au, ,)CN allows access
to the electronic states responsible for the photoemission of
AgCN. This shows that by producing mixed-metal cyanides, we
can tailor at least some of the photophysical properties.

To confirm our interpretation of the photophysical behavior
of the Cu—Au cyanides and to gain some insight into the
behavior of the Ag—Au cyanide, the nature of the states giving
rise to luminescence will be analyzed in detail with DFT and
TD-DFT and reported later. Previous DFT calculations on the
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parent cyanides treated the metal—cyanide chains as isolated
units,''* but we have shown here that, particularly in the case
of AuCN, this approach is far from satisfactory. The structural
information determined in this work provides the basis
necessary for construction of suitable models for the mixed-
metal phases. However, dealing with the complexities of both
inter- and intrachain disorder in extended solids is far from
trivial.

B CONCLUSIONS

In this work, it has been demonstrated that mixed-metal
cyanides of the group 11 metals can be prepared with general
formula (M,M’,_,)CN. In the copper—silver cyanide system, a
solid solution, (Cu,Ag;_,)CN (0 < x < 1), is formed with the
AgCN structure type. The gold-containing systems form the
line phases, (Cu,,Au, ,)CN, (Cuy/1,Aug/1;)CN, (Cu,/3Au, /3)-
CN, and (Ag; ,Au,,,)CN, all with the AuCN structure.

In (Cuy/Au;,)CN and (Ag;,Au,;,)CN, both the metal
atoms and cyanide groups are found using vibrational
spectroscopy to be totally ordered within the chains. The
sense of the ordering in (Cu,)Au,,;,)CN is unequivocally
determined using total neutron diffraction to be [Cu—NC—
Au—CN-],. We have also concluded, from neutron diffraction
and by comparison with other systems, that in (Ag; ,Au, ,)CN,
the sense of cyanide bonding within the chains is [Au—CN—
Ag—NC-—],. In contrast, in (CuysAgyso)CN, metal ordering is
incomplete, and strict alternation of metals does not occur
along the chains. However, there is a distinct preference (85%)
for the N end of the cyanide ligand to be bonded to copper and
for Ag—CN—Cu links to predominate.

The thermal expansion behavior of these materials has been
measured, and all compounds, like the simgple parents HT-
CuCN,” LT-CuCN,? AgCN,9 and AuCN,” show negative
thermal expansion along the direction of the metal—cyanide
chains. All the gold-containing materials, including AuCN,
show a smaller NTE effect compared to HT-CuCN, AgCN,
and the copper—silver cyanides, showing the importance of
structure over composition for this particular physical property.
Future work will include a detailed study using total neutron
diffraction, together with RMC modeling, to determine how the
motions in the chains vary with structure type and composition.
The photophysical properties of both parent and mixed-metal
cyanides have been found to depend not only on the
composition and order within individual chains but also on
the structure type adopted. Interchain interactions were found
to be extremely important in all compounds adopting the
AuCN structure. The effect of composition on both thermal
expansion and photophysical properties gives us the ability to
tailor desirable properties in these mixed-metal cyanides.

It has been suggested that gold cyanide adopts the AuCN
structure rather than the AgCN structure type because this
results in much shorter interchain Au--Au distances and the
opportunity for aurophilic interactions.® Such aurophilic
interactions cannot, however, be the driving force in the
adoption of the AuCN structure type by the gold-containing
mixed-metal cyanides. Neutron diffraction shows that, in the
case of (Ag, ,Au, ,)CN, the local structure adopted appears to
minimize the number of Au--Au interactions within the metal
sheets formed on packing the chains together. In addition,
diffuse reflectance spectroscopy shows that, although there are
strong interchain interactions in (Cu;,,Au,,;)CN,
(Cuy/3Au,3)CN, and (Ag;,Au,;,,)CN, the relative positions

of the absorption edges can also be explained on the basis that
the number of Au---Au interactions is minimized.

A forthcoming X-ray study of (Cu, ,Au, ,)CN will, because
of the very different X-ray scattering factors of Cu and Au,
provide definitive confirmation of interchain metal ordering in
this compound.

B EXPERIMENTAL SECTION

Samples of (Cu,Ag;_,)CN, (Cu,Au,_,)CN, and (AgAu,_,)CN were
initially characterized using PXRD and IR and Raman spectroscopy.
Room-temperature PXRD data were measured using a Siemens D5000
diffractometer (Cu Ka radiation) operating in Bragg—Brentano
geometry. IR and Raman spectra were collected from undiluted
powders using a Perkin-Elmer Spectrum 100 FT-IR spectrometer with
a Universal attenuated total reflection sampling accessory and a
Renishaw InVia Raman microscope (4. = 785 nm), respectively.
Atomic absorption measurements were made on samples of the
(Cu,Ag,_,)CN phases dissolved in dilute nitric acid and analyzed
using a Perkin-Elmer 1100B atomic absorption spectrometer (Table
S.2).

To measure the thermal expansion properties, PXRD patterns were
collected at temperature intervals of 20 K using a Gemini S Ultra CCD
diffractometer (high-intensity Enhance Ultra Cu Ka radiation source)
fitted with an Oxford Diffraction Cryojet HT (90—490 K). Samples
were prepared by mixing ~1 mg of a finely ground mixed-metal
cyanide with silicon (internal calibrant) and mounted on a glass fiber
using cyanoacrylate glue. Each X-ray diffraction image was collected
for 240 s with a 360° rotation around ¢ over the range 8 < 26/° < 72.
Lattice parameters were determined from the positions of the first two
sample peaks in the diffraction patterns, which correspond to the
(101) and (110) reflections for the (Cu,Ag,_,)CN phases and the
(100) and (001) reflections for the gold-containing phases,
respectively. Densities were measured at room temperature using a
Quantachrome Micropycnometer with helium as the working gas
(Table S.6).

Sample Preparation. Caution! Cyanide materials are toxic and
must be handled with care. The addition of acid to soluble cyanides
liberates highly toxic gaseous HCN. Both gaseous HCN and the aqueous
washings, which contain HCN, were destroyed using alkaline hypochlorite.

Two methods were used for the synthesis of the mixed-metal group
11 cyanides, (M,M’;_,)CN. The more general method, used to
explore the full range of the CuCN—AgCN, CuCN—AuCN, and
AgCN—AuCN cyanide systems, involved their precipitation by
addition of acid to solutions of the parent cyanides in aqueous
sodium or potassium cyanide (Tables S.1—S.5). A second method,
specific to the composition (Ag, ,Au,/,)CN, involved the addition of
Ag" ions to a solution containing [Au(CN),]™.

Preparation of (MM’,_JCN Compounds by Acidification of
Cyanide Solutions. Aqueous solutions containing the [Cu(CN),]*",
[Ag(CN),], and [Au(CN),]” ions were prepared by dissolving the
corresponding metal cyanides (LT-CuCN, AgCN, and AuCN) in a
slight excess of KCN or NaCN. In order to explore the CuCN—AgCN,
CuCN-AuCN, and AgCN—AuCN phases, solutions containing two
of the metals were then mixed in various ratios. The mixed-metal
cyanide compounds were then precipitated from solution by rapidly
adding 2 M nitric acid in slight excess relative to the alkali-metal
cyanide. All acid additions were performed under flowing nitrogen,
and all exhaust gases from the experiments passed though a trap
containing alkaline hypochlorite. The insoluble mixed-metal cyanide
products were then filtered and washed well with water and dried in
air. In the (Cu,Ag;_,)CN system, samples with x > 0.93, formed
initially with the LT-CuCN structure, were heated at 320 °C under
vacuum for 2 h to convert them to the HT-CuCN (AgCN) structure.
The above method was modified slightly for the preparation of gram-
scale samples of (CuysoAgoso)CN and (Cuy/,Au,/,)CN required for
the total neutron diffraction studies (Table S.6).

Preparation of (Ag;,,Au,,,)CN by Reaction of [Au(CN),]~ and Ag*
lons. Attempts to make (Ag; ,Au,/,)CN via the acid addition method
described above resulted in the formation of (Ag,,Au;;,;)CN
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contaminated with significant amounts of AgCN, which was easily
identified by PXRD. A pure sample of (Ag, ,Au,/,)CN was, however,
prepared by addition of Ag" ions to a solution of [Au(CN),]” in a 1:1
ratio. A silver nitrate solution, prepared by dissolving AgNO; (1.2 g, 7
mmol) in SO mL of water, was added to a rapidly stirred [Au(CN),]~
solution, prepared by dissolving gold cyanide (1.59 g, 7 mmol) in
potassium cyanide (0.46 g, 7 mmol) in SO mL of water. An off-white
precipitate was immediately produced on mixing the two solutions.
After a further 10 min of stirring, the solid was filtered, rinsed well with
water, and allowed to air-dry. The method scaled up readily for the
preparation of the larger sample of (Ag,,,Au,/,)CN used in the total
neutron diffraction studies (Table S.6).

Neutron Diffraction Experiments. Time-of-flight powder
neutron diffraction intensities were measured at 10 K for
(Cuygs0Ag050)CN  (0.7710 g), (CuyjAu;,)CN (1.8100 g), and
(Ag;,Au,,)CN (1.3646 g) on the GEM diffractometer®® at the
ISIS Facility, Rutherford Appleton Laboratory, Chilton, Didcot, UK.
Samples were loaded into cylindrical 6 mm diameter thin-walled
vanadium cans (of 25 pm thickness) so as to minimize the container
background and absorption. The packing density of the sample, as
used in the data correction routines, was determined from the sample
depth and the can diameter. Background runs were collected on the
empty can, CCR, and spectrometer, and absolute normalization data
were collected for a standard vanadium rod.

The total neutron diffraction data were obtained from four detector
banks (banks 2, 3, 4, and S at average scattering angles of 17.3, 34.3,
61.7, and 91.8°). Correction for multiple scattering, attenuation, and
inelasticity and normalization to absolute scattering units was
performed using the ATLAS®' and GUDRUN? suites of programs
(see Supporting Information). The corrected and normalized data
from the four detector banks were merged in each case to yield an
interference function, Qi"(Q), which covered the range Q = 0.8—50
A~ and this was then extrapolated to Q = 0 A~ (Figure S.9). The
total correlation function, TV(r), is obtained by Fourier transformation
of the interference function, QiN(Q) (Figures S.11-S.17).

Luminescence and Diffuse Reflectance Measurements.
Luminescence spectra, excitation spectra, and luminescence quantum
yields were obtained using a Horiba Jobin-Yvon Fluorolog-3
spectrofluorimeter equipped with an F3018 integrating sphere of
diameter 102 mm. The well-ground polycrystalline samples were
coated onto the walls of a quartz cuvette. In addition, luminescence
spectra and images, together with luminescence lifetimes, were
measured on an inverted Nikon Eclipse TE2000U microscope, using
a X10:1.5 objective lens. The luminescence spectra were measured
using an excitation wavelength, 4., = 343 nm, obtained by taking the
third harmonic generation output from a bismuth barium oxide (BBO)
crystal illuminated by a TPulse200 ytterbium laser of wavelength 4 =
1030 nm with a pulse width of 407 fs, pulse frequency of 10 MHz, and
energy of 260 nJ pulse™’. Luminescence images and spectra of the
microcrystals were obtained using an Ocean Optics Inc. spectropho-
tometer and a Nikon digital camera. Luminescence lifetimes were
measured using a Europhoton Gmbh Quadrant Anode space- and
time-correlated photon-counting photomultiplier mounted onto the
microscope. Fluorescence lifetime imaging microscopy (FLIM
measurements), determined for a number of crystallites in each
sample using the photomultiplier, confirmed the homogeneity of the
materials.

Diffuse reflectance spectra were measured by scanning over the
wavelength range 200—2500 nm using a Perkin-Elmer Lambda 900
spectrophotometer equipped with an integrating sphere of 60 mm
inner diameter. The polycrystalline samples, 1 mm in thickness, were
held behind a quartz window. Absorption spectra were measured in
terms of the Kubelka—Munk function (f(R)).**

B ASSOCIATED CONTENT
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Further details of the syntheses of the (M,M’;_,)CN phases
and additional PXRD and thermal expansion data, vibrational
spectra, diffuse reflectance and luminescence spectra, atomic

absorption data for the (Cu,Ag’;_,)CN phases, and details of
total neutron scattering analysis for (CugsoAggs0)CN,
(CuyjyAu,,)CN, and (Ag;,Au,,,)CN. This material is
available free of charge via the Internet at http://pubs.acs.org.
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